In this letter, the authors demonstrate photonic band gap ͑PBG͒ tuning in chiral nematic liquid crystals using electrically commanded surfaces consisting of a ferroelectric liquid crystal. The electrically commanded surfaces generate a contraction of the pitch of the chiral nematic which is manifested as a blueshift of the PBG. Results are presented which demonstrate that tuning can be achieved by either varying the frequency or the amplitude of the electric field. The maximum shift observed for the long-wavelength band edge was 23 nm for an electric field strength of 20 V m In recent years, there has been a great deal of research focused on using chiral liquid crystals ͑LCs͒ with a macroscopic helical arrangement of the molecules as photonic band structures.
In this letter, the authors demonstrate photonic band gap ͑PBG͒ tuning in chiral nematic liquid crystals using electrically commanded surfaces consisting of a ferroelectric liquid crystal. The electrically commanded surfaces generate a contraction of the pitch of the chiral nematic which is manifested as a blueshift of the PBG. Results are presented which demonstrate that tuning can be achieved by either varying the frequency or the amplitude of the electric field. The maximum shift observed for the long-wavelength band edge was 23 nm for an electric field strength of 20 V m In recent years, there has been a great deal of research focused on using chiral liquid crystals ͑LCs͒ with a macroscopic helical arrangement of the molecules as photonic band structures.
1 From the point of view of practical device applications, an electronic control of the PBG is highly desirable. However, thus far, there have been limited reports focused on controlling the PBG in chiral LCs using electric fields. [2] [3] [4] In this letter, we present a new method for controlling the PBG of a chiral nematic liquid crystal ͑N * LC͒ using the concept of electrically commanded surfaces with ferroelectric liquid crystal ͑FLC͒ surface layers. [5] [6] [7] The authors demonstrate that the PBG can be electrically tuned using a cell with such electrically commanded surfaces on both substrates and show that the band gap can be controlled both with frequency and electric field strength.
For the FLC surface layers, 5 wt % of FLC ͑R1809, Felix͒ solution dissolved in toluene was spin coated at 1500 rpm for 60 s onto homogeneously rubbed polyimide surfaces which had been deposited onto indium tin oxide ͑ITO͒ substrates. The FLC compound was chosen because it exhibits a wide temperature range for the ferroelectric phase ͓Cr͑−20°C͒ -SmC * ͑96°C͒ -N * ͑104°C͒ -I͔: the spontaneous polarization of this compound is 20 nC/ cm 2 . The FLC films were then heated to 140°C and cooled down to remove any of the residual toluene solvent in order to obtain a uniformly aligned FLC layer before cell assembly. The uniform alignment of the FLC layers along the rubbed direction of the polyimide layers was confirmed using optical polarizing microscopy. Cells were then constructed using top and bottom substrates that were each coated with ITO/polyimide/ FLC; the resulting cell gap was 6.5 m. Following this, these cells were injected with the N * LC mixture. This mixture was prepared by dissolving 4.1 wt % of a high twisting power chiral dopant ͑BDH1281, Merck NB-C͒ into a mixture of MLC-7029 ͑90 wt % ͒ / BL006 ͑10 wt % ͒ both of which were obtained from Merck KGaA. A schematic of the cell configuration is shown in Fig. 1 . The isotropic to N * transition was found to occur at 65°C from optical polarizing microscopy. The N * LC material had a negative dielectric anisotropy which was needed so as to avoid any out of plane switching which would otherwise result in the Grandjean texture being destroyed. 8 In order to investigate the electrical dependency of the PBG, spectroscopic changes were observed using a universal serial bus spectrometer ͑HR2000, Ocean Optics͒ attached to an optical polarizing microscope ͑BH-2, Olympus͒. An electric field was applied using a signal generator ͑TG1304, Thurlby Thandar͒ and a high voltage amplifier ͑in house͒. A potential problem of applying electric fields to planar aligned N * LC is the distortion of the Grandjean texture due to electrohydrodynamic instabilities ͑EHDIs͒ if low frequency ac or dc electric fields were used. To avoid this distortion, frequencies over 700 Hz were used. the spectra underlines that there was no deterioration of the uniform texture. It is shown that at a fixed driving frequency of 1 kHz, the PBG shifts to shorter wavelength with an increase in the electric field amplitude ͓Fig. 2͑a͔͒. A similar effect occurs when the frequency is varied from 5 to 1 kHz when the applied electric strength is held constant at a value of E = 20.8 V rms m −1 . However, as shown by the data for 400 Hz, the PBG could be removed due to the occurrence of EHDIs disrupting the Grandjean texture. We believe that the mechanism is such that electric field-induced switching of the FLC command surface layers couples the ferroelectric ͑SmC * ͒ director with that of the N * material at their mutual interface through local electrostatic interactions to shorten the effective pitch of the helix and give the observed concomitant blue shift.
In a separate experiment on only the FLC material using two conventional polyimide alignment substrates, we verified that as the field strength is increased, the Goldstone mode switching angle also increased. However, it was noted that the time required for the N * LC to reach equilibrium once an electric field was applied was typically of the order of several seconds which is much longer than the switching time of the FLC ͑10-100 s͒. Consequently, the N * LC is unable to follow the continuous switching back and forth of the FLC director. Instead, we believe that the N * LC responds to an effective monostable state which corresponds to an effective "average" switching angle rather than the continuous switching of the FLC as the polarity reverses. Figure 3͑a͒ demonstrates how the average switching angle av , measured over a timescale of 2 ms, varies as a function of the electric field. It is shown that the switching angle increases continuously with electric field reaching a maximum value of 32°at E =20 V rms m −1 for a driving frequency of 1 kHz. This increase is due to the response time of the FLC being inversely proportional to E and higher fields being needed to saturate the induced switching before field reversal takes place. As shown for a nematic LC between two FLC layers by Komitov et al., 5 the low field inplane deviation follows a linear dependence on the electric field ͑ = gE, where g is a coupling constant͒. In the present case, corresponds to the average switching angle. For a constant electric field strength, the average switching angle decreases as the frequency increases, see Fig. 3͑b͒ . This smaller average switching angle represents incomplete switching at higher frequencies and is due to the fact that the time period between field reversals is less than the response time of the FLC. It should be noted that even though the FLC material was confined between antiparallel rubbed polyimide layers, the alignment of the FLC director is actually only oriented along one single direction and was achieved by cooling the sample from 100°C ͑N * ͒ to 90°C ͑SmC * ͒ in the presence of a small dc electric field ͑3 V͒. The alignment was confirmed experimentally from the uniformity of the texture between crossed polarizers and the fact that switching was only observed for one sense of polarity of the applied electric field. As a result, this case resembles that of a single FLC layer and the average switching angle obtained from this experiment is responsible for the surface rotation effect of a single FLC surface. The dynamics and switching of the FLC layers in combination with the N * LC are to be discussed in more details in a future publication. 9 In order to verify that the dynamic FLC command surface switching is the dominant mechanism responsible for the PBG tuning, we compared the response for ͑a͒ a cell with FLC layers on both substrates, ͑b͒ a cell consisting of a single FLC command surface layer and a planar rubbed polyimide surface layer, and ͑c͒ with a cell which consisted of only two rubbed polyimide layers. In Fig. 4 , it is shown that the tuning range of the PBG tuning range was increased progressively with the addition of each of the FLC surfaces. The larger tuning response in dual FLC-layer cells compared to the single FLC-layer cell is due to the fact that the in-plane deviation of the N * director at the N * / FLC interfaces is in opposite directions and thus results in a greater contraction of the helix. The fact that each surface only responds to one polarity ͑cf. Fig. 1͒ even though the N * LC appears to respond to the combined rotation at both surfaces is further evidence that the dynamic behavior is governed by an effective switching angle.
Even though some tuning was observed in the cell with no FLC layer, the range was limited. The exact mechanism responsible for the shift of the PBG without FLC layers is not yet known although it is believed to be one of two mechanisms. Either the electric field induces a stabilization of the phase due to the negative dielectric anisotropy of the chiral nematic thus resulting in a slight contraction of the helix or the contraction is a manifestation of electrohydrodynamic effects. However, since there is a blueshift in the spectrum in the non-FLC cell, the contribution to the blueshift of the FLC layer, therefore, is then the difference between the total observed blueshift and the shift observed for a non-FLC cell. For the case of the single FLC layer cell, the total shift is ϳ14 nm ͑cf. Fig. 4͒ and therefore, since the non-FLC cell shows a 7 nm blueshift, the actual contribution of the FLC layer is a ϳ7 nm blueshift. The addition of a second FLC layer is then expected to add another ϳ7 nm to result in the total 23 nm blueshift from 613 to 590 nm which is indeed what is observed ͑cf. Fig. 4͒ .
It should be noted that the dependence of the PBG on the electric field strength does not follow exactly that observed for the FLC in a polyimide cell ͑cf. Fig. 3͒ in that larger shifts are observed at higher field strengths. The surface induced switching force competes with the helical twisting restoring force of the chiral structure. This is considered to be dominated by the restoring force of the helical structure at small electric field strengths. As a result, the shift of the PBG is small for low electric field strengths but increases more rapidly when higher electric field strengths are applied and the surface-induced switching force begins to overcome the helical restoring force.
In conclusion, we have presented a continuous 23 nm electrical tuning mechanism of a PBG in chiral nematic LCs, through helix pitch contraction, without disturbing the quality of the helical structure using double electrically addressed FLC command surfaces. Furthermore, we have also demonstrated tuning of the position of this PBG by varying either the frequency or the amplitude of the applied electric field. This approach of passively controlling the PBG, through an intermediary command surface, is of particular use for materials which cannot be controlled actively by the electric field. We are currently optimizing the use of these negative dielectric anisotropy N * LC material/FLC command surface combinations as a route to highly precise and broadband tuning of N * LC laser cavities. S.S.C. thanks LG. Philips-LCD for supplying ITO substrates and studentship and Dr. Carrie Gillespie for discussions, while H.J.C. and W.T.S.H. thank the EPSRC for the award of the COSMOS Basic Technology Research Grant ͑EP/D04894X/1͒. 
